All inorganic double metal perovskite materials have recently drawn much attention due to their three dimensionality (3D) and non-toxic nature to replace lead based perovskite material. Among all those double perovskite materials, theoretical works have demonstrated that Cs2AgBiBr6 shows high stability and possesses suitable band gap for solar cell application. However, the filmforming ability of Cs2AgBiBr6 is found to be the utmost challenge hindering its development in thin film solar cell device. In this work, high quality Cs2AgBiBr6 film with ultra-smooth morphology, microsized grains, and high crystallinity is realized via anti-solvent dropping technology and post-annealing process under high temperature. After optimization, the first example of inverted planar heterojunction solar cell device based on Cs2AgBiBr6 exhibits the power conversion efficiency of 2.23% with VOC = 1.01 V, JSC = 3.19 mA/cm 2 , FF = 69.2 %. Besides, the device shows no hysteresis and high stability.
Solar cell device based on low-cost organic-inorganic hybrid lead (Pb) halide perovskite material has drawn much attention and made great progress during the past few years, and the power conversion efficiency (PCE) of the perovskite solar cell (PSC) device in lab has rapidly surpassed 20% both on small and large active areas. [1] [2] [3] Light emitting iodide device based on perovskite material have also made exciting progress. [4] [5] [6] [7] To promote the large-scale commercialization of this promising optoelectronic photovoltaic device, the long-term stability and toxicity of the Pb-based perovskite material remain the biggest challenges. [8] [9] [10] As a consequence, many researches have turned their attention to the exploration of Pb-free perovskite material with high ambient stability and low toxicity. [11] [12] [13] [14] [15] Tin (Sn), an element possessing similar property with Pb (locates in the same main group and shows similar outer electronic configuration), has been found to exhibit great potential in solar cell application. [16] [17] [18] [19] However, the easy oxidation of Sn 2+ to Sn 4+ has a great impact on the stability of the Sn-based perovskite material, which is considered to be the fatal limitation for its development as light absorber. [20] Alternatively, non-toxic element bismuth (Bi) based organo halide with high stability has been explored to apply in solar cell as light absorber. [21] [22] [23] [24] [25] [26] [27] [28] However, Bi 3+ cation cannot support the 3D structure of traditional A +1 B 2+ X -1 3 perovskite, but forms 0D or 2D structure of A +1 3B 3+ 2X -1 9 that suffers from high exciton binding energy, short carrier diffusion length, high trap-state density, and low charge mobility, which results in poor device performance. [28] [29] [30] [31] [32] To preserve the 3D perovskite structure, a new class of quaternary A +1 2M + M 3+ X -1 6 double metal perovskite structure, which keeps the total number of valence electrons unchanged in the unit cell of 3D perovskite, has been investigated theoretically as the potential Pb-free light absorber material. [33] [34] [35] [36] [37] [38] Although there are many possible metal element candidates chosen for M + and M 3+ cations, the theoretically first-principle calculation suggests that only some of the compounds with suitable decomposition enthalpy (ΔH), band gap, carriers effective masses, and exciton binding energy could be matched to photovoltaic device. [39] Among those potential candidates, Bibased Cs2AgBiBr6 double perovskite semiconductor is found to exhibit suitable bandgap, high optical absorption coefficient, high stability, and long carrier recombination lifetime, which make this material the potential candidate in solar cell application. [33] [34] [35] [36] Despite the theoretical works, the realization of efficient solar cell device based on Cs2AgBiBr6 has not been reported. Until very recently, the first solar cell based on Cs2AgBiBr6 double perovskite material using n-i-p device structure has demonstrated a power conversion efficiency (PCE) close to 2.5%. [40] Nevertheless, the morphology of the film is shown to be poor, which could lead to ineffective charge extraction with significant hysteresis effect, so the fabrication of high quality Cs2AgBiBr6 film is still a big challenge. [40] In this work, we demonstrate the first Cs2AgBiBr6 solar cell device based on inverted planar heterojunction structure of ITO/Cu-NiO/Cs2AgBiBr6/C60/BCP/Ag. The high quality Cs2AgBiBr6 film can be achieved by the fast crystalline procedure using eco-friend anti-solvent isopropanol (IPA), and the film showed smooth and uniform morphology with microsized grains by controlling the post-annealing temperature. This superior film with high reproducibility enabled the best performing solar cell device yielding PCE of 2.23 % with VOC = 1.01 V, JSC = 3.19 mA/cm 2 , FF = 0.69, and no hysteresis effect is observed. Moreover, owing to the high thermal and ambient stability of Cs2AgBiBr6, the solar cell device exhibited long term stability over 10 days stored in air (50% RH). The quality of the light absorber layer largely determines the optoelectronic performance of the device. For Pb-based PSCs, the solution processibility of CH3NH3PbI3 enables the material with high-quality film, leading to superior PCE of the PSCs. [41] Among all the film fabrication strategies in Pb-based perovskite film, anti-solvent dropping protocol has been the most effective method to achieve PCE over 20%. [42] Inspired by this, we introduced the anti-solvent protocol to fabricated Cs2AgBiBr6 thin film. We first synthesized the Cs2AgBiBr6 powder following the super-saturation precipitation method described in the previous literature (Supporting Information for details). [34] As shown in Figure 1a , the Cs2AgBiBr6 powder shows a dark orange color with shinning crystal surfaces. SEM image of the Cs2AgBiBr6 powder displayed the typical octahedral crystal morphology ( Figure S1 ). To make a Cs2AgBiBr6 precursor solution, we first test the solubility of Cs2AgBiBr6 powder in some commonly-used polar solvents, such as N, N-Dimethylformamide (DMF), Dimethyl sulfoxide (DMSO), γ-Butyrolactone (GBL) and N-Methyl pyrrolidone (NMP). It is found that Cs2AgBiBr6 powder is only fully dissolved in DMSO with the concentration of 0.4 M ( Figure 1 ), but hardly dissolves in other three solvents, as shown in Figure S2 . Therefore, DMSO is chosen to form precursor.
COMMUNICATION
The spin-coated Cs2AgBiBr6 film without anti-solvent dropping shows a frosted appearance (inset photograph in Figure 1 ) and a rough surface with root-mean-square (RMS) roughness of 24.20 nm with noticeable holes. By utilizing anti-solvent dropping protocol, it is found that the as-prepared Cs2AgBiBr6 film using IPA as anti-solvent shows yellow mirror-like appearance, and the quality of the film is significantly improved with fully-covered and smooth surface (RMS = 5.46 nm), as shown in Figure 1 . In addition to IPA, a series of commonly used anti-solvents are tested, including toluene, chlorobenzene, methanol and ethanol. It is found that these solvents can help improving the quality of the Cs2AgBiBr6 film due to the fast crystallization induced by anti-solvent, [43] but only IPA forms the neat and smooth film without holes ( Figure S3 , S4). Although IPA is reported to be not the suitable anti-solvent for Pb-based perovskite film, IPA is reported to be valid in removing the surface states of Cs2AgBiBr6 material. [44] It is found that alcohol can dissolve organic components, such as methylamine iodide and formamidine iodide, leading to decomposition of film with much rougher surface. [45] But for all inorganic compound Cs2AgBiBr6, IPA could be suitable as anti-solvent. The cross-sectional SEM image of Cs2AgBiBr6 film in Figure 1b shows the flat morphology with thickness of ~ 250 nm. Moreover, it can be observed that the grain size of the film is so large that the longitudinal of the film is composed of single grains. This superior structure could ensure that most of the photogenerated charges can reach the electrodes without encountering grain boundaries, leading to high photo-to-electric conversion efficiency of the solar cell device. [46] Figure 2a shows the crystal structure of Cs2AgBiBr6 double perovskite, which is a basic perovskite structure of 3D framework with corner-sharing octahedral. Cs + occupies the middle position of the cuboctahedral cavity, while Ag and Bi occupy the centers of the octahedral alternatively in all three directions, which forms a superstructure called rock salt configuration. [33, 35] We further characterize the crystal structure of Cs2AgBiBr6 powder (Figure 2b) , and it shows typical cubic double perovskite structure with Fm3m space group symmetry, which is in consistent with the previous work. [33] In addition, the XRD patterns demonstrate no diffraction peaks of secondary phases. It is also found that the as-prepared Cs2AgBiBr6 not only shows no weight loss up to 450 °C (Figure 2c ), but also no phase transition in the range of room temperature to 350 °C (Figure 2d ). Besides, the Cs2AgBiBr6 film exposed to air shows no change in absorption spectra over one month ( Figure S5 ). These superior thermal and air stability of Cs2AgBiBr6 enable its promising application in PSCs with long-term operation stability.
The optical properties of both Cs2AgBiBr6 powder and Cs2AgBiBr6 film are investigated using UV-Vis and photoluminescence (PL) spectrometers. It can be observed in Figure 2e that the as-prepared Cs2AgBiBr6 powder shows absorption onset starting at ~ 680 nm followed by a steep increase in absorption at ~ 630 nm, which indicates the optical characteristics of an indirect band gap semiconductor. The Tauc plot in the model of indirect allowed transition ( Figure S6 ) demonstrates the phonon-assisted processes with transitions at 10.1002/cphc.201800346 
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1.81 and 2.01eV, which originates from the absorption and emission of a phonon. [34] As a result, the indirect band gap of 1.91 eV can be estimated with assisting phonon energy of 0.10 eV. The PL spectra of the as-prepared Cs2AgBiBr6 powder in Figure 2e exhibits two PL peaks at ~ 575, 610, and 680 nm (~ 2.15, 2.03, and 1.82 eV). The PL peak at 2.15 eV is in agreement with the value observed in the literature, [33] and this is suggested to be due to the direct band gap emission of Cs2AgBiBr6. The PL peaks at 2.03 and 1.82 eV are in consistent with the phonon-assisted indirect band transitions processes as discussed above. For Cs2AgBiBr6 film after thermal annealing (250 °C), however, it shows different UV-Vis and PL spectra as shown in Figure 2f . It can be seen that Cs2AgBiBr6 film shows absorption onset starting at ~700 nm followed by a steep increase in absorption at ~ 550 nm. A strong exciton absorption peak, which is in agreement with the reported work, [36] is due to excitons confined in the crystal structure of Cs2AgBiBr6 planar film. The PL spectra of the film also showed three emission peaks at ~ 545, 590, and 664 nm, which are blue-shifted compared with Cs2AgBiBr6 powder. This blue-shifted PL peaks have been observed in annealed Cs2AgBiBr6 material compared to the as-prepared one, which is proposed to originate from the reduction of defect trap density after thermal annealing. [47] Here, the UV-Vis and PL spectra of Cs2AgBiBr6 powder are different from that of thin film, because the bulk form and film form of a material have obvious difference in optical properties (UV-Vis and PL) owing to the multiple absorptions, reflections, and scattering effect. [35] By measuring the space charge limited currents (SCLC) of Cs2AgBiBr6 film, the carrier trap state density of ~ 9.1 × 10 16 cm -3 can be calculated ( Figure S7 for detail) , which is comparable to the Pb-based perovskite polycrystalline film, indicating the promising application of Cs2AgBiBr6 in photovoltaic device.
The post-processing of the film could have a huge influence on its properties, thus we further investigate the role of postannealing process on the surface morphology, crystallinity, and photovoltaic performance of the Cs2AgBiBr6 film. Figure 3a -e show the surface SEM images of Cs2AgBiBr6 films with different post-annealing temperatures. It can be clearly observed that the size of Cs2AgBiBr6 grains gradually increases as the postannealing temperature increases. All the Cs2AgBiBr6 films show a smooth surface with RMS of < 10 nm (Figure 3f-j) . It should be noted that the roughnesses of the films increase with the improved annealing temperature, which should be due to the so called 'solid-state dewetting' (preferential diffusion of component away from the grain boundaries). [48] It is also found that the crystallinity of Cs2AgBiBr6 film is able to be improved, which is evidenced by the fact that the intensity of XRD diffraction peaks of Cs2AgBiBr6 film increase as the post-annealing temperature increases (Figure 3k ). In addition, the full width at half maximum (FWHM) of the Cs2AgBiBr6 films is observed to decrease as the post-annealing temperature increases (Figure 3l ), which is in agreement with the enlargement of the grain size. The average grain sizes of the films are determined by analyzing the statistics of grain size in SEM images ( Figure S8) . Moreover, the asprepared Cs2AgBiBr6 film without post-annealing (labeled as RT) is composed of sub-50 nm -sized grains with average grain size of ~ 38 nm (Figure 3l ). After post-annealing, the films show significantly increased grain size from sub-100 nm (average ~ 50 nm) (150 °C) up to micro-size (average ~ 410 nm) (300 °C), and the grain size steeply increases when the annealing temperature is greater than 200 °C, which is due to the structural reconstruction of Cs2AgBiBr6 grains at such high temperature. [49] 
COMMUNICATION
We further test the photovoltaic performance of the Cs2AgBiBr6 film prepared by the anti-solvent dropping method, and a series of inverted planar heterojunction PSCs with the structure of indium tin oxide (ITO)/Cu-NiO/Cs2AgBiBr6/C60/bathocuproine (BCP)/Ag are fabricated (Figure 3m ). The PL quenching effect of Cs2AgBiBr6 film on Cu-NiO and C60 is measured, which shows significant intensity decrease compared with bare Cs2AgBiBr6 film ( Figure S9 ). This result indicates the efficient charge transfer from the Cs2AgBiBr6 to the charge extraction layers. Figure 3n shows the J-V curves of PSCs with different post-annealing temperatures of Cs2AgBiBr6 film, and Table 1 summarizes the key parameters of photovoltaic performance in Figure 3m . It can be seen that the Cs2AgBiBr6 film without post-annealing shows very low photovoltaic performance, which is due to the small size of the grains with low crystallinity as shown in Figure 3a . As the increase of post-annealing temperature, the performance significantly improves due to the enlarged grain size and enhanced crystallinity of the Cs2AgBiBr6film. However, when the post-annealing temperature is at 300 °C, the performance of PSCs is found to decrease, which is owing to the pinhole appeared on the surface of the film annealed at such high temperature ( Figure S10 ). (Figure 4a ). The negligible hysteresis effect indicates the efficient charge extraction at the interface of Cs2AgBiBr6 and charge extraction layers with no charge accumulation in such inverted planar heterojunction device structure. [50] The PCE obtained in this work (2.23 %) still has a big gap compared to the reported theoretical PCE of Cs2AgBiBr6 of 7.92%. [51] It is mainly limited by the thickness of Cs2AgBiBr6 film (~ 250 nm), which is due to the fact that the solubility of Cs2AgBiBr6 powder is only 0.4 M in DMSO. Figure  4b displays the stabilized power output and current density measure at 1 sun illumination conditions in air. The device shows a rapid response when light on, leading in a PCE of 2.14 % and current density of 2.38 mA/cm 2 , and no further decay is observed over a period of 5 minutes. Extending the irradiation time to 15 min, the device also show stable current density at 1 sun illumination conditions ( Figure S11 ). The device also holds 90% of its origin PCE over a period of 10 days ( Figure S12 ), implying its potential in PSCs with long-term stability. Besides, the device shows no performance decrease during annealing at 100 °C for 60 min (Figure S13 ), indicating its superior thermal stability. Moreover, the film fabrication strategy (anti-solvent dropping) in this work showed high reproducibility with average PCE of 1.99 ± 0.06 % as shown in Figure 4c . In addition, the JSC of best-performing PSCs is found to be in agreement with the integrated current density deduced from the incident photon to current conversion efficiency (IPCE) measurements (Figure 4d ). It should be noted that the IPCE curve is in consistent with the absorption spectra of Cs2AgBiBr6 film in Figure 2f .
In conclusion, we adopted the anti-solvent dropping technology to deposit high quality Cs2AgBiBr6 film with ultrasmooth morphology. It is found that the high post-annealing temperature is necessary to achieve the high crystallility of Cs2AgBiBr6 film. The first example of inverted planar heterojunction PSC based on Cs2AgBiBr6 double perovskite shows highest PCE of 2.23% (VOC = 1.01 V, JSC = 3.19 mA/cm 2 , FF = 69.2 %) with good reproducibility and no hysteresis effect, indicating the potential of Cs2AgBiBr6 double perovskite in optoelectronic application. Moreover, inherent high thermal stability of Cs2AgBiBr6 enables the long-term device stability of PSCs. This work initiates the development of efficient planar heterojunction PSCs based on Pb-free double perovskites. The realization of ultra-smooth and high crystallinity of Cs2AgBiBr6 film in this work also reveals potential application in other optoelectronic devices, such as photodetector and phototransistor.
